Our laboratory recently reported that treatment with the D-amino acid containing peptide HYD1 induces necrotic cell death in multiple myeloma cell lines. Because of the intriguing biological activity and promising in vivo activity of HYD1, we pursued strategies for increasing the therapeutic efficacy of the linear peptide. These efforts led to a cyclized peptidomimetic, MTI-101, with increased in vitro activity and robust in vivo activity as a single agent using two myeloma models that consider the bone marrow microenvironment. MTI-101 treatment similar to HYD1 induced reactive oxygen species, depleted ATP levels, and failed to activate caspase-3. Moreover, MTI-101 is cross-resistant in H929 cells selected for acquired resistance to HYD1. Here, we pursued an unbiased chemical biology approach using biotinylated peptide affinity purification and liquid chromatography/tandem mass spectrometry analysis to identify binding partners of MTI-101. Using this approach, CD44 was identified as a predominant binding partner. Reducing the expression of CD44 was sufficient to induce cell death in multiple myeloma cell lines, indicating that multiple myeloma cells require CD44 expression for survival. Ectopic expression of CD44s correlated with increased binding of the FAM-conjugated peptide. However, ectopic expression of CD44s was not sufficient to increase the sensitivity to MTI-101-induced cell death. Mechanistically, we show that MTI-101-induced cell death occurs via a Rip1-, Rip3-, or Drp1-dependent and -independent pathway. Finally, we show that MTI-101 has robust activity as a single agent in the SCID-Hu bone implant and 5TGM1 in vivo model of multiple myeloma. Mol Cancer Ther; 12(11); 2446-58. Ó2013 AACR.
Introduction
Multiple myeloma is a malignant cancer that results in the uncontrolled proliferation of plasma cells that aberrantly home to the bone marrow. The accumulation of multiple myeloma in the bone marrow eventually leads to uncoupling of bone remodeling, resulting in painful bone lesions (1) . Although there are a multitude of treatments for multiple myeloma, minimal residual disease is thought to lead to the outgrowth of a drug-resistant population that renders multiple myeloma incurable (1) (2) (3) (4) . Therefore, it is imperative that novel therapies that target multiple myeloma in the context of the bone marrow microenvironment are developed. Experimental evidence indicates that homing of myeloma cells to the bone marrow is predominately driven by the chemokine SDF-1 and the cell adhesion molecules CD44 and VLA-4 integrin (5-7). In addition to contributing to homing, adhesion of myeloma cells via VLA-4 or CD44 can contribute to drug resistance (8) (9) (10) . Thus, experimental and clinical evidence continues to support the development of therapeutic strategies for targeting pathways critical for regulation of homing to the bone marrow, as well as survival in the context of the bone marrow microenvironment.
Our laboratory has previously shown that the novel D-amino acid peptide HYD1 (kikmviswkg), discovered for blocking cell adhesion (11) (12) (13) , also induces necrotic cell death as a single agent in multiple myeloma cells (14) . More recently, we reported that the linear peptide shows increased potency in specimens obtained from relapsed multiple myeloma patients (15) . We implicated the adhesion receptor a4-integrin as being partially involved in HYD1-induced cell death via shRNA-silencing strategies. However, reducing a4-integrin expression only demonstrated partial protection, indicating that other components of the HYD1 binding complex may be required for cell death (15) .
To further characterize the entire binding complex of HYD1, we performed a total membrane binding assay using biotin-HYD1 in NCI-H929 and U266 multiple myeloma cells and NeutrAvidin beads to isolate HYD1 complexes for liquid chromatography/tandem mass spectrometry (LC/MS-MS) identification of bound proteins. The glycoprotein adhesion receptor CD44 was among the top proteins identified by LC/MS-MS. Given the abundance of literature implicating CD44 in caspaseindependent and -dependent cell death, we thought that CD44 warranted further investigation (16) (17) (18) (19) (20) . The predominant ligand for CD44 is the glycosaminoglycan hyaluronic acid. However, CD44 can also bind to other extracellular matrix components such as osteopontin, fibronectin, laminin, and collagen as well E-selectin (21) . Paradoxically, CD44, depending on the cell context, can contribute to either survival or cell death. T cells derived from CD44-null mice are shown to be resistant to cell death induced by concanavalin A stimulation and T-cell receptorinduced cell death (22, 23) . These data indicate that CD44 may be required for depletion of activated T cells. More recently, Ruffell and Johnson showed that activation of CD44 expressing Jurkat T cells with PMA sensitized these cells to HA-induced cell death (24) . Of note, cell death was independent of activation of caspase-8; and could not be blocked by treatment with the pan-caspase inhibitor z-VAD-fmk. These data suggest that intracellular signaling and not expression may dictate CD44-mediated cell death. Similarly our data indicate that CD44 expression correlates with binding of HYD1 and a cyclized peptidomimetic derivative, referred to as MTI-101; however, ectopic expression of CD44s was not predictive for increased MTI-101-induced cell death. Together these data indicate that background cellular signaling or lateral signaling and not target expression may dictate sensitivity and selectivity of this class of compounds. In this study, our data suggest that the optimized analog MTI-101 is mechanistically similar to the linear HYD1 peptide and induces caspase-independent cell death. Reducing known mediators of necrosis including Drp1 protected U266 but not NCI-H929 cells from MTI-101-induced cell death. We postulate that necrotic cell death similar to mediators of apoptosis is likely driven by redundant pathways. MTI-101 shows robust in vivo activity as a single agent and our data continue to support further preclinical development of MTI-101 for the treatment of multiple myeloma.
Materials and Methods

Cell culture
NCI-H929, U266, and 8226 cell lines were purchased from American Type Culture Collection and maintained at 37 C and 5% CO 2 . Cells were cultured in RPMI-1640 media (GIBCO; Life Technologies) and supplemented with 10% FBS (GIBCO). For NCI-H929 cells, 0.05 mmol/L 2-mercaptoethanol was added to culture media. 293FT cells were purchased from Invitrogen and grown in Iscove's Dulbecco's Modified Eagle's Medium (Cellgro) and supplemented with 10% FBS (GIBCO). Our cell lines are mycoplasm negative and k and l immunoglobulin expression levels are routinely determined. Myeloma cell lines were tested for secretion of k (NCI-H929) or l (RPMI-8226 and U266) levels by ELISA and mycoplasm every 6 months.
Peptides, reagents, and antibodies
HYD1, biotin-HYD1, and 5(6)-FAM-HYD1 were synthesized by Bachem. MTI-101 and biotin-MTI-101 were synthesized by Drs. McLaughlin and Jain. The method of synthesis for MTI-101 is as follows; p-Nitrophenyl Wang Resin (0.69 mmol/g, 100 mg) was swollen in dichloromethane (DCM) for 15 minutes. N a -Fmoc-Lys-OAllyl. Trifluoroacetic acid (TFA; 4 equivalents) solution in DCM containing N,N-diisopropylethylamine (DIEA; 8 equivalents) was added to the resin in a peptide reaction vessel for 3 hours. The process is repeated twice to ensure maximum loading of the Fmoc amino acid on the resin. N a -Fmoc-Lys-OAllyl. TFA salt was prepared by deprotection of N a -Fmoc-Lys(Boc)-OAllyl using 95% TFA in DCM at 0 C. Fmoc quantification of resin indicated a loading of 0.65 mmol/g of resin. The linear protected peptide was then synthesized using standard Fmoc solid phase strategy. For each coupling step, 2 equivalents of symmetrical anhydride of Fmoc-amino acid (concentration of 220 mmol/L) in DCM were added to the reactor. Each coupling reaction was carried out for 1 hour followed by N-methyl-2-pyrrolidone (NMP; 3 Â 2 mL) and DCM (4 Â 2 mL) washes. Fmoc deprotection was done using 20% piperidine/2% DBU in NMP (3 mL) for 10 minutes. Then the amino acids used for peptide synthesis were coupled in the following order: Fmoc-Leu-OH, Fmoc-Lys(Boc)-OH, Linker T 3 , Fmoc-Trp(Boc)-OH, Fmoc-Ala-OH, Fmoc-Val-OH, Fmoc-Val-OH, Fmoc-Nle-OH, Linker T 1 , Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH. After synthesis of the protected linear peptide, the Fmoc group from last amino acid was cleaved by 20% piperidine/2% DBU in DMF. The C-terminal allyl group was then removed using 0.2 mol% Pd(PPh 3 ) 4 dissolved in CHCl 3 -AcOH-NMM (37:2:1; 3 mL) for 1 hour. The allyl cleavage procedure was repeated again to ensure complete cleavage. The resulting side chain anchored peptide acid resin was then washed with DCM, NMP, MeOH, DCM, and dried. After allyl deprotection on resin, cyclization of linear peptide was carried out by treating peptide side chain anchored peptide acid resin with 4 equivalents of HCTU (220 mmol/L) in NMP and 8 equivalents of DIEA for 1 hour. The peptidyl resin was then washed with NMP (3 Â 2 mL) and DCM (4 Â 2 mL). The peptide was deprotected from the resin using cleavage cocktail of TFA/phenol/H 2 O/EDT/TIS (82.5:5:5:5:2.5) solution (4 mL) at room temperature for 30 minutes. The reaction mixture was concentrated and the thick viscous liquid was triturated twice with 10 mL of cold diethyl ether. The reaction contents were centrifuged to give crude cyclic MTI-101 peptidomimetic. The crude peptidomimetic was dissolved in a solution of 0.1% TFA in H 2 O and freezedried to give 85 mg of crude MTI-101. Crude MTI-101 was then purified using semipreparative reverse phase highperformance liquid chromatography (HPLC; 5 mmol/L particle size C8 AAPPTEC spirit column, 25 Â 2.12 cm) with eluents: A ¼ 0.1% TFA in H 2 O, B ¼ 0.1% TFA in CH 3 CN. The purification was carried out using a gradient of 10% B for 10 minutes and then 29% to 32% B more than 60 minutes with a flow rate 20 mL/min using 222 nm UV detection. All peaks with retention times expected for peptides were collected and lyophilized. The purified MTI-101 was analyzed using similar analytical HPLC conditions and found to have >95% purity. Biotinylated MTI-101 peptide was synthesized on Rink amide resin using Fmoc solid phase peptide synthesis strategy. The linear peptide was synthesized by first attaching the g-side chain carboxyl group of Fmoc-Asp-OAllyl to trifunctional linker on the resin. The linear peptide was then cyclized on resin, followed by attachment of biotin to 6-amino hexanoic acid on the trifunctional linker to give protected biotinylated cyclic peptide MTI-101. Biotinylated MTI-101 was then subsequently cleaved from the resin using TFA/TIS/H 2 O (95:2.5:2.5). The crude peptide was then lyophilized and purified by reverse phase column chromatography to greater than 94% purity. TO-PRO-3 iodide and CellROX Green Reagent were purchased from Invitrogen. Mdivi-1 and tert-butyl hydroperoxide were purchased from Sigma Aldrich. Recombinant soluble Killer Trail was purchased from Alexis Biosciences. Anti-CD44 (clone 156-3C11), anti-GAPDH (clone 14C10), anti-RIP1, anti-pDrp1 (Ser637), anti-Drp1 (clone D6C7), anti-pERK (T202/Y204), anti-Erk1/2, and anti-Basigin were purchased from Cell Signaling Technology. The anti-Rip3 and anti-Syndecan-1 were purchased from Abcam, and the anti-Pyk2/Cak b was purchased from BD Pharmigen. The anti-IgG 2a mouse was purchased from BD Biosciences, anti-mouse immunoglobulin/FITC goat F(ab')2 was purchased from Dako, and anti-rabbit HRP-conjugated and anti-mouse HRPconjugated were purchased from Jackson ImmunoResearch Laboratories.
Cell death analysis
Cells were plated at a density of 4 Â 10 5 cells/mL and treated with varying concentrations of peptide for 24 hours. Cells were then washed with PBS and incubated with 2 nmol/L TO-PRO-3 iodide and immediately analyzed for fluorescence intensity using the FACSCalibur flow cytometer (BD Biosciences).
Cleaved caspase-3 activity assay
Treated and control NCI-H929 and U266 cells were plated at a density of 4 Â 10 5 cells/mL before being assessed for cleaved caspase-3 levels using the caspase-3 active form mAb FITC kit (BD Pharmigen), as per the manufacturer's instructions. Samples were analyzed using the FACScan flow cytometer (BD Biosciences).
Biotin-HYD1 complex capture from total membrane lysate
The capture of the biotin-HYD1 binding complex was performed as previously described (15) . Briefly, 1.2 Â 10 8 NCI-H929 or U266 cells were incubated for 30 minutes on ice in AP buffer (25 mm HEPES pH 8.0, 100 mmol/L KCl, 1 mmol/L MgCl, 1 mmol/L CaCl, 20% glycerol, 1 mmol/L PMSF, and 1 mg/mL leupeptin and aprotinin) and Dounce homogenized. Total cell membrane lysate was obtained through centrifugation and quantified by BCA kit (Pierce); 500 mg of biotin or biotin-HYD1 was incubated with 30 mL of NeutrAvidin beads (Pierce) for 1 hour at room temperature, followed by 2 washes in AP buffer. Membrane lysate (300 mg) was added to beads, and volume was adjusted to 500 mL and incubated overnight at 4 C. After 3 washes in AP buffer containing 0.2% NP-40, beads were boiled in Laemmli loading buffer and eluted proteins were fractionated by SDS-PAGE.
LC/MS-MS analysis of biotin-HYD1 binding complex
Proteins were digested in-gel with trypsin; the resulting proteolytic peptides were analyzed. Samples were resolved by SDS-PAGE, trypsin digested, and analyzed by LC/MS-MS and identified using Mascot and Sequest searches against human entries in the UniProt databases. Scaffold (v.3 Proteome Software) was used for data mining of proteins identified in the biotin-HYD1 binding complex.
ATP measurement
NCI-H929 or U226 cells were treated (400,000 cells/mL) for 1 hour at 5 and 10 mmol/L, respectively. Live and dead cells were then counted and subsequently lysed in a buffer containing 40 mM Tris, 20 mM acetic acid, and 1 mM EDTA pH 7.4 (TAE) buffer containing 50 mL of 1% trichloroacetic acid. Cells were lysed by 3 snap freeze-thaw cycles and then resuspended in 450 mL of TAE buffer. The lysate was centrifuged at 2,000 Â g for 15 minutes, and supernatant was transferred to Eppendorf tubes. ATP was measured immediately using the ENLITEN ATP assay kit (Promega), and bioluminescence was measured and normalized to cell number.
siRNA transfection
Transfection of NCI-H929 and U266 cells was performed as previously described (14) . Briefly, 2 Â 10 6 cells were added to 200 mL of cytomix buffer (in mmol/L: 120 KCl, 0.015 CaCl 2 , 10 K 2 HPO 4 /KH 2 PO 4 , 25 HEPES, 2 EGTA, 5 MgCl 2 , 2 ATP, 5 gluthathione, and 1.25% DMSO; pH 7.6). Ten microliters of a 20 mmol/L stock of SMARTpool siRNA directed at Rip1 (Dharmacon), Rip3 (IDT), Drp1 (Dharmacon), basigin (Dharmacon), syndecan-1 (Dharmacon), or nonsilencing (Dharmacon) was added to the buffer. The mixture was placed in a 2-mm cuvette and electroporation was done at 140V/975 mF. After transfection, cells were incubated in the buffer for 15 minutes in a 37 C incubator before being transferred into a 25-mL flask containing 10 mL of fresh media. Cells were incubated for 72 hours before treatment with MTI-101. For CD44, 20 mL of a 20 mmol/L stock of SMARTpool siRNA (Dharmacon) was used, and cells were electroporated a second time at 24 hours to achieve efficient reduction in surface expression.
Recombinant CD44 ELISA binding assay
NeutrAvidin (Pierce) plates were prepared by adding 100 mL of 50 mg/mL or biotin or biotin-HYD1 in binding buffer (in mmol/L: 0.5 KCl, 0.3 KH 2 PO 4 , 27.6 NaCl, 1,6 Na 2 HPO 4 ; pH 7.4) for 2 hours at room temperature. Fulllength recombinant human CD44 (Abnova) was then added to the 96-well plates at increasing concentrations and allowed to incubate for 2 hours in 500 mL of buffer A (25 mmol/L Tris, 150 mmol/L NaCl, 1.0% bovine serum albumin, 0.05% Tween 20, pH 7.25%). Bovine serum albumin was added to control for nonspecific binding. A 1:500 dilution of primary CD44 antibody was added to each well and incubated for an additional hour, wells were washed, and a 1:10,000 dilution (buffer A) of the secondary antibody was added to each well for an additional 30 minutes at room temperature. Wells were washed again, and 100 mL of Pico chemiluminescent substrate (Pierce) was added to each well. After addition of substrate, plates were read on a Victor chemiluminescence plate reader.
CD44 overexpression in RPMI-8226 cells
Stable RPMI-8226 cells overexpressing CD44s were generated by infection with retrovirus and puromycin selection. Briefly, 293FT cells were grown to 90% confluence in 100-mm Petri dishes and then transfected with the pBabe-puro CD44s retroviral vector (Addgene plasmid 19127) synthesized by the Weinberg lab or a scrambled retroviral CD44 shRNA (Origene) using the pVPack system (Clontech). RPMI-8226 cells were then infected with the retrovirus for 72 hours, and 1 mg/mL puromycin (Invitrogen) was added to allow for the selection of a stable population of cells.
5(6)-FAM-HYD1 binding assay
RPMI-8226 vector control and CD44s overexpressing cells were plated at a density of 4 Â 10 5 cells/mL and incubated with 6.25 mg/mL 5(6)-FAM or 5(6)-FAM-HYD1 for 15 minutes on ice. Cells were then washed 3 times with cold PBS, with fluorescence immediately measured (FACScan flow cytometer, BD Biosciences).
Immunoprecipitation
After treatment, cells were washed in cold PBS and lysed on ice with IP buffer (1% Triton X-100, 150 mmol/L NaCl, 10 mmol/L Tris pH 7.4, 1 mmol/L EDTA, 1 mmol/L EGTA, pH 8.0, 0.2 mmol/L sodium orthovanadate, 0.5% IGEPAL CA-630, and protease inhibitor cocktail), and 500 mg of cell lysate was precleared with 50 mL A/G beads (Pierce) for 30 minutes before being incubated with 5 mg anti-CD44 (156-3C11) overnight at 4 C. After incubation, lysates were incubated with 30 mL A/G beads for 1 hour and washed 3 times with IP buffer. Samples were then put in 2Â Laemmli buffer and analyzed by Western blotting.
SCID-Hu model
The SCID-Hu model was performed as previously described (14) . Briefly, SCID/beige mice 4 to 6 weeks old were purchased from Taconic. Fetal tissue (18-23 weeks) was obtained from Advance Bioscience Resource in compliance with state and federal regulations. One bone were surgically implanted in the mammary fat pad of 6-to 8-week female SCID mice. After 6 weeks of bone engraftment, 50,000 H929 cells were injected directly into the bone and tumor was allowed to engraft for 4 weeks. At 28 days, baseline tumor burden was quantified in the sera using a k ELISA kit (Bethyl), and mice were randomized into treatment groups (10 mice per group). Mice were treated intraperitoneally with 8 mg/kg MTI-101 or PBS daily for 21 days. To assess tumor burden as a function of time, k levels in the sera were measured weekly.
5TGM1 myeloma mouse model
A total of 1 Â 10 6 5TGM1 cells were injected into 6-8 week old C57BL/KaLwRijHsd mice via tail vein. At day 10, mice were treated with agents at the indicated doses 3 times a week for 3 weeks. All drugs were administered intraperitoneally. IgG2B serum levels were measured by ELISA once a week for 4 weeks per the manufacturer's instructions (Bethyl). Mice were monitored daily for survival with all remaining mice euthanized at day 100. We found that the maximum tolerated dose was 50 mg/kg as we observed early deaths in this cohort (2 of 10 animals).
Results
MTI-101 (cyclized HYD1
) is more potent in vitro compared with the parent HYD1 compound, is crossresistant in the H929-60 cell line, and induces caspase-3-independent cell death, ATP depletion, and ROS production in NCI-H929 and U266 cells HYD1 was previously shown to induce caspase-independent necrotic cell death, ATP depletion, mitochondrial membrane potential dysfunction, and reactive oxygen species (ROS) production in NCI-H929, U266, and RPMI-8226 cell lines (14) . In this study, we took the minimally active truncated core region of HYD1 (mvisw; Fig. 1A ) and cyclized that peptide using a b turn promoter scaffold backbone. The initial sequence inserted was mvisw that was subsequently optimized in the L-configuration. The solubility of mvisw was very poor but the 3 lysines on the nonrecognition strand render MTI-101 water soluble. Alanine scanning of the core sequence constrained in the b turn promoter was used to optimize the sequence. In this report, the most potent analog (MTI-101) contained the optimized sequence NLeVVAW comprised of all L-amino acid peptides within the b turn promoter scaffold backbone and was used for all subsequent studies (Fig. 1B) . Survival curves were generated comparing HYD1 with MTI-101 in NCI-H929 cell line, with IC 50 values of 63.9 mmol/L AE 6.0 and 8.38 mmol/L AE 0.9, respectively (Fig. 1C) . We also observed an increase in potency of MTI-101 when compared to HYD1 in U266 cell line, with IC 50 values of 89.03 mmol/L AE 18.6 for HYD1 and 22.1 mmol/L AE 4.25 for MTI-101 ( Supplementary Fig. S1A ). In addition, we observed that the acquired HYD1-resistant cell line H929-60 that was developed in our laboratory was cross-resistant to MTI-101 (Fig. 1D) . As with the previous study describing the mechanism of linear HYD1, we were interested in delineating the mechanism by which MTI-101 treatment resulted in cell death in myeloma cells. When NCI-H929 and U266 cells were treated with 5 and 10 mmol/L MTI-101, respectively, we did not detect cleaved caspase-3 (Fig. 1E) . Treatment with recombinant soluble Killer Trail was used as a positive control. Similar to HYD1, we observed a statistically significant decrease in ATP levels in NCI-H929 and U266 cells upon treatment with 5 and 10 mmol/L MTI-101 (Fig. 1F) . Furthermore, treatment with MTI-101 resulted in a statistically significant increase of ROS production ( Supplementary Fig. S1B ). Taken together, these data suggest that MTI-101 may be mechanistically similar to the linear peptide HYD1 as evidenced by disrupted mitochondrial function without activation of caspase-3. Figure 1 . MTI-101 is more potent in vitro compared with HYD1, is cross-resistant in H929-60 cell line, results in caspase-independent cell death, and ATP depletion in NCI-H929 and U266 multiple myeloma cells. A, truncation studies to determine minimal active core mvisw. B, the structure of the most potent analog, MTI-101. The initial sequence inserted was mvisw that was subsequently optimized in the L-configuration. The solubility of mvisw was very poor, but the 3 lysines on the nonrecognition strand render MTI-101 water soluble. The optimized sequence of MTI-101 containing all L-amino acid peptides within the b turn promoter scaffold backbone is NLeVVAW and was used for all subsequent studies. C, a direct comparison of HYD1 and MTI-101 was performed in NCI-H929 cells treated for 24 hours and cell death was determined by FACS analysis. Cell survival curves were generated and IC50 values were calculated; 63.9 mmol/L AE 6.0 for HYD1 and 8.38 mmol/L AE 0.9 for MTI-101. Cell death was measured by TO-PRO-3 staining and FACS analysis. D, MTI-101 is cross-resistant in the HYD1 acquired resistant H929-60 cell line. NCI-H929 and H929 cells were treated for 24 hours with 75 mmol/L HYD1 and 3 mmol/L MTI-101. E, NCI-H929 and U266 cells were treated with 5 and 10 mmol/L of MTI-101, respectively, for 24 hours and then caspase-3 activity was measured. Treatment with TRAIL was used as a positive control for cleaved caspase-3 activity. F, NCI-H929 and U266 cells were treated for 1 hour with 5 and 10 mmol/L MTI-101 and total cellular levels of ATP were measured (RLU, relative luminescence untis). Experiments were run in triplicate and repeated 3 times. Statistical significance was determined by ANOVA, Ã , P 0.05.
CD44 binds to HYD1 and is found in the biotin-HYD1 and biotin-MTI-101 binding complex in NCI-H929 and U266 cells Previously, we showed a4-integrin as being part of the HYD1 binding complex (15) . To this end, we saw partial, but not complete, protection from HYD1-induced cell death when a4-integrin expression was reduced, thereby indicating other proteins must be involved in mediating cell death. Using an unbiased chemical biology approach, we sought to identify the biotin-HYD1 and biotin-MTI-101 binding complex. Biotin was conjugated to the Nterminal lysine residue of HYD1 and this chemical probe (biotin-HYD1) was initially validated as retaining biological activity in vitro (Supplementary Fig. S1C ). Given that our previous study showed HYD1 binding at the cell surface (15), we isolated total membrane fractions from NCI-H929 and U266 cells and incubated these fractions with biotin-HYD1. Complexes were then resolved by SDS-PAGE before LC/MS-MS protein identification.
These data were then mined using the Scaffold 3 Proteome software, and adhesion receptors with their respective number of peptides were identified from the HYD1 binding complex (Supplementary Fig. S2 ). The glycoprotein receptor CD44 was identified in both myeloma cell lines. CD44 is known to associate with a4-integrin and is critical for homing and extravasation (25) . Further validation of CD44 being present in the biotin-HYD1 and biotin-MTI-101 binding complex was confirmed using Western blot analysis ( Fig. 2A) . Based on previous reports implicating CD44 in both caspase-independent and -dependent cell death (16) (17) (18) (19) (20) , we postulated that CD44 may be the initial binding target of HYD1 and MTI-101 and is required for initiating the cell death cascade induced by treatment in myeloma cells. To investigate whether CD44 binds directly to HYD1, we coated 96-well NeutrAvidin plates with biotin-HYD1 and incubated the plates with full-length recombinant human CD44. We observed a concentrationdependent increase in binding of recombinant CD44 Figure 2. CD44 binds to HYD1 and is affinity purified in the biotin-HYD1 and biotin-MTI-101 binding complexes from NCI-H929 and U266 multiple myeloma cells. A, confirmation by Western blot analysis. Membrane lysate (150 mg) was incubated with 500 mg of biotin, biotin-HYD1, or biotin-MTI-101 bound to NeutrAvidin beads. Beads containing complexes were incubated overnight, washed, and proteins separated by SDS-PAGE, and probed for CD44. B, ELISA-based binding assay confirms that biotin-HYD1 binds to full length recombinant human CD44 in a concentration-dependent manner (RLU, relative luminescence units). Biotin was bound to NeutrAvidin-coated wells to control for nonspecific binding. C, overexpression of CD44s in RPMI-8226 multiple myeloma cells resulted in increased binding of fluorescently labeled HYD1. Median fluorescence intensity (MFI) and bound FAM-HYD1 were detected by FACS analysis. D, overexpression of CD44s did not result in increased sensitivity to MTI-101. Experiments were run in triplicate and repeated 3 times. Statistical significance was determined using ANOVA, Ã , P 0.05. (Fig. 2B) . To investigate whether overexpression of CD44 in multiple myeloma cells would increase HYD1 binding, we used the RPMI-8226 cell line as RPMI-8266 cells had the lowest basal level of CD44 among the tested myeloma cell lines (data not shown). Retroviral infection of CD44s was used to overexpress CD44 in 8226 cells, and expression was confirmed by Western blot (Supplementary Fig. S3A) . A HA adhesion assay was performed to confirm that functional CD44s was being expressed (Supplementary Fig. S3B ). Although we observed an increase in binding to HA, this increase was only 2.5-fold whereas expression was increased more drastically. As shown in Fig. 2C , there was a 1.5-fold increase (P < 0.05, ANOVA Bonferroni post hoc) of 5 (6) NCI-H929 and U266 cell lines. Optimal reduction in CD44 expression was achieved 72 hours after siRNA transfection ( Fig. 3A and C) . Interestingly, we observed that, when CD44 expression was reduced, both cell lines seemed to be less viable compared with the nonsilencing control cells. To assess which cell death pathway was involved in this observation, we used a caspase-3 antibody, which only recognizes the active form of caspase-3. As shown in Fig. 3B and 3D , reduction in cell surface expression of CD44 resulted in a significant increase in cleaved caspase-3 versus that shown in nonsilencing control cells. These data suggest that CD44 is required for survival in myeloma cell lines, validate CD44 as a potential target for the treatment of MM, and indicate that CD44 may be a key regulator of both ligand induced necrotic cell death and inhibitor of apoptotic cell death. To examine other members of the binding complex, we reduced the expression of syndecan-1 and basigin. Reducing the expression of basigin or syndecan-1 failed to confer resistance to MTI-101-induced cell death ( Supplementary Figs. S4 and S5 ).
MTI-101 induces CD44-associated agonistic signaling in NCI-H929 and U266 cells CD44 has been shown to associate with focal adhesions and a number of cell signaling pathways (26) (27) (28) . Furthermore, we previously showed that HYD1 induces autophagy, which protects myeloma cells against death (14) . To examine whether MTI-101 treatment would modulate the interaction between CD44 and its associated proteins, we pretreated NCI-H929 and U266 cells with MTI-101 and performed a CD44 immunoprecipitation assay. As shown in Fig. 4A and B, there was an increased association with the focal adhesion tyrosine kinase protein Pyk2 immediately following MTI-101 treatment in both myeloma cell lines. We also observed a transient activation of Erk/Map kinase pathway upon MTI-101 treatment in NCI-H929 and a more sustained activation in U266 cells (Fig. 4C and D) . Taken together, these data indicate that MTI-101 induces agonistic CD44-associated signaling as evidenced with association of CD44 with Pyk2 and activation of the Erk pathway. Furthermore, the activation of the Erk pathway and Pyk2 may lead to the rationale design of combination strategies for increasing the efficacy of this novel class of compounds.
Reduction in Rip1, Rip3, and Drp1 expression results in modest increase in survival of U266 cells upon MTI-101 treatment Recently, numerous reports have indicated that cells can initiate an apoptotic-like programmed form of necrosis called necroptosis. Critical mediators of necrosis include the serine/threonine kinases Rip1 and Rip3 and the GTPase, Drp1. Drp1 is critical driver of mitochondria fission and activity of the GTPase is negatively regulated by phosphorylation on Ser 637 (for review, see refs. 29 and 30). Using siRNA targeting Rip1, Rip3, or Drp1, we achieved efficient reduction in protein expression in U266 cells 72 hours after transfection. Following siRNA transfection cells were treated with 10 mmol/L MTI-101 for 6 hours before cell death was quantified via TO-PRO-3 iodide staining and FACS analysis. Our results showed a modest, but significant, increase in cell survival upon MTI-101 treatment and reduced expression in each of the respective proteins involved in necroptosis in U266 cells (Fig. 5) . To investigate pharmacological inhibition of the necroptotic pathway, cells were pretreated with 100 mmol/L of the Drp1 inhibitor mdivi-1 (31) for 1 hour before treatment with 10 mmol/L MTI-101 for 6 hours, with cell death quantified via TO-PRO-3 iodide staining and FACS analysis. Our results again showed a modest but significant increase in cell survival upon pretreatment with mdivi-1. We also observed a modest decrease in phosphorylated Drp1 levels in U266 cells upon MTI-101 Supplementary Fig. S6A ), suggesting that MTI-101 induces activation of Drp1. During necroptosis activation of the phosphatase, Pgam5 is required for dephosphorylation and subsequent activation of the GTPase Drp1, leading to mitochondrial fission and necrosis (32, 33) . Together, these data indicate that Rip1/Drp1-dependent necroptosis is partially involved in MTI-101-induced cell death in the U266 myeloma cell line.
NCI-H929
MTI-101 necrotic cell death is Drp1 independent in NCI-H929 cells
In NCI-H929 cells, we did not observe a statistically significant difference in cell survival upon MTI-101 treatment when Drp1 expression levels were reduced using siRNA (Fig. 6A ) and mdivi-1 pretreatment failed to be protective against MTI-101-induced cell death (Supplementary Fig. S6C ). These results were consistent with no change in the levels of pDrp1 following MTI-101 treatment ( Supplementary Fig. S6B ). Furthermore, we did not observe any protection against MTI-101 when either Rip1 or Rip3 expression levels were reduced ( Supplementary  Fig. S6D and S6E) . Finally, reducing the expression of Rip3 did not switch the mode of cell death to apoptosis in either U226 or NCI-H929 cells (Supplementary Fig. S6F ). These data indicate that MTI-101-induced cell death is Rip1/ Rip3 and Drp1 independent in NCI-H929 cells. In summary, we postulate that MTI-101 induces necrotic cell death via redundant pathways and inhibiting the Rip1/ Rip3/Drp1-induced necrosis will not be sufficient to block MTI-101-induced cell death.
MTI-101 inhibits myeloma tumor growth in vivo
We used the SCID-Hu and 5TGM1 in vivo myeloma mouse models to determine if MTI-101 was an efficacious antitumor agent. The SCID-Hu myeloma mouse model entails engrafting cadavered fetal bone into the mammary mouse pad. Importantly, the SCID-Hu model considers drug response in the confines of the bone marrow microenvironment without systemic disease confounding interpretation of drug response (34, 35) . Thus, the SCID-Hu model is ideal for evaluating preclinical drugs for the treatment of myeloma. As shown in Fig. 6B , serum k levels were significantly decreased in the MTI-101 treatment group versus controls (ANOVA P < 0.05). During these studies, at the doses used no overt signs of toxicity were noted. The 5TGM1 mouse myeloma model entails engrafted 5TGM1 cells into C57BL/KaLwRijHsd mice via a tail vein injection. At day 10, mice were treated with agents 3 times a week for 3 weeks. Mice were monitored daily for survival with all remaining mice euthanized at day 100 after treatment. As shown in Fig. 6C , MTI-101 given at doses of 10 and 25 mg/kg 3 times weekly demonstrated a significant increase in survival compared to control animals (P ¼ 0.02 at 10 mg/kg and P ¼ 0.002 at 25 mg/kg Mantel-Cox test). In addition, serum k levels were significantly decreased (ANOVA P < 0.05) in the MTI-101 and bortezomib treatment groups versus Supplementary Fig. S7 ). Together these data indicate that MTI-101 is efficacious as a single agent in myeloma in vivo model systems and warrants further development for the treatment of myeloma.
Discussion
Because of the intriguing biological activity of HYD1, we pursued strategies for increasing the therapeutic potential of the linear peptide. These strategies included cyclization of the truncated active core region of HYD1 and alanine scanning substitution, which led to a compound 6-to 10-fold more potent compared to the linear parent peptide in vitro as well as demonstrated robust in vivo antitumor activity using the SCID-Hu and 5TGM1 myeloma mouse models. Numerous cyclized peptides derived from natural products demonstrate robust bioactivity (36, 37) . The therapeutic potential of cyclic peptides is thought to be the result of decreased digestion by proteases as well as constraining the peptide into a confirmation that shares a high affinity for its cognate receptor (38) (39) (40) . Because of these qualities, peptide cyclization has become an attractive strategy for drug discovery. Certainly, targeting extracellular targets such as integrin-ligand and receptor-ligand interactions is attractive as concerns of poor intracellular accumulation are diminished. A number of cyclized therapeutic agents have shown promise in the clinic, including cyclosporine, numerous antibiotics, and the cyclized RGD integrin binding motif, Cilengitide (41) (42) (43) (44) . Previously, we demonstrated that HYD1-induced autophagy and caspase-independent necrotic cell death in myeloma cell lines via ATP depletion, ROS production, and depolarization of the mitochondrial membrane potential (14) . In this study, we investigated whether the optimized analog MTI-101 would act in a similar manner to the parent compound and found that MTI-101-induced necrotic cell death via similar mechanisms in NCI-H929 and U266 myeloma cell lines. In our present unbiased chemical biology approach using biotinylated HYD1 and LC/MS-MS analysis as an analytical tool for defining the HYD1 binding complex, we identified a number of adhesion receptors, Time after initial treatment (d) Kappa levels (ng/mL) Figure 6 . MTI-101 has activity as a single agent in vivo and MTI-101 necrotic cell death is Drp1 independent in NCI-H929 cell line. A, NCI-H929 cells were incubated with siRNA targeting DRP1 for 72 hours before treatment with 5 mmol/L MTI-101 for 6 hours, and cell death was determined by FACS analysis. NS, nonsilencing. B, in the SCID-Hu model, tumor was allowed to engraft for 28 days and mice were randomized into control and treatment group. On day 28, represented as day 0 on the graph, mice (N ¼ 10 for each treatment) were treated intraperitoneally with 8 mg/kg of MTI-101 or PBS daily for 21 days. Tumor burden was assessed weekly by measuring k levels in the sera. MTI-101 treatment demonstrated a significant reduction in tumor burden (P < 0.05, ANOVA). C, in the 5TGM1 mouse myeloma model, tumor was allowed to engraft for 10 days and mice (N ¼ 10 for each treatment) were treated intraperitoneally at day 10 with agents (MTI-101, bortezomib, or PBS) 3 times a week for 3 weeks. MTI-101 treatment resulted in a significant increase in survival compared with control mice (P < 0.05, Mantel-Cox test). Mice were monitored daily for survival with all remaining mice euthanized at day 100 after treatment. D, proposed model of MTI-101 mechanism of action. MTI-101 binds to a CD44 and a4-integrin containing complex, resulting in the recruitment of Pyk2. This complex leads to a pro-survival signal mediated through Erk1/2 and a necrotic cell signal through Rip1/Rip3, and Drp1. There is also a Rip1/Rip3/Drp1 independent pathway that ultimately leads to necrosis. Statistical significance was determined using ANOVA, P < 0.05. Knockdown and inhibitor experiments were run in triplicate and repeated 3 times. Statistical significance was determined using Student t test, # , P > 0.05. including a4-, b1-, and b7-integrin, basigin, syndecan, ICAM, NCAM, and CD44, with CD44 abundant in the binding complexes of both NCI-H929 and U266 cell lines. Using an ELISA-based binding assay with full-length recombinant human CD44, we demonstrated that biotin-HYD1 bound to CD44 in a concentration-dependent manner. Furthermore, we replicated this binding with a fluorescently labeled peptide in 8226 cells that overexpressed CD44s. Paradoxically, increased expression of CD44s and subsequent increased binding of the FAMconjugated peptide did not translate to increased cell death. The observation of increased binding but not increased cell death indicates that expression of CD44 is necessary for binding but may not be sufficient for predicting sensitivity of MTI-101 induced cell death. We speculate that determinants of cell death will likely include a) lateral signaling through VLA-4 integrin b) background signaling of the cell analogous to CD44-dependent depletion of activated T cells and c) expression of CD44 splice variants. Finally, we targeted all isoforms of CD44 using siRNA gene silencing with the goal of assessing its role in MTI-101-induced cell death. Our data indicate that multiple myeloma cell survival is dependent on CD44 expression. To our knowledge, this was the first time that reduced CD44 expression in myeloma cell lines resulted in the activation of cleaved caspase-3. However, this finding was not entirely surprising; as depleting CD44 promoted apoptosis in colon cancer cells (45) as well as it has been reported that CD44 may sequester the Fas receptor (20) . Therefore, by reducing CD44 expression, the Fas receptor may become active and induce caspase-dependent cell death. Finally, transient knockdown of other proteins found in the complex such as basigin and syndecan-1 failed to confer resistance to MTI-101-induced cell death. Our finding suggests that CD44 may be an important mediator of cell viability via inhibition of apoptosis and a key regulator of activation of a necrotic cell death in multiple myeloma cells. Together, these observations indicate that CD44 is an excellent candidate to target therapeutically in MM, as is already being done in other cancers (18, 19, 46) .
It has been reported that CD44 activation results in the association and activation of Pyk2 during cell adhesion (26) (27) (28) . Our signaling data indicate that MTI-101 induces a partial agonistic signal as indicated by the formation of a Pyk2-CD44 complex. We did not observe any consistent or robust increase in phosphorylated Pyk2 (data not shown), which may indicate that the peptide induces focal adhesions but does not efficiently drive autophosphorylation and activation of the complex. We also observed activation of the Erk pathway. Activation of the Erk pathway has been reported to be activated by HA binding to CD44 (47) , and thus these data are consistent with a partial agonist. Similar results have been obtained with cyclic RGD showing that the peptide can activate aVb3 signaling as demonstrated by activation of Fak (48) . Further studies are required to determine whether MTI-101 competes with binding for known endogenous ligands of CD44 such as fibronectin, ostepontin, or HA. We propose that, understanding the survival signal initiated by MTI-101-induced cell death may lead to rationally designed combination strategies for increasing the efficacy of this novel agent. In this study, we also investigated whether necroptosis was initiated upon MTI-101 treatment. Using siRNA targeting Rip1, Rip3, or Drp1 (critical drivers of necroptosis), we observed a modest, but significant, increase in U266 cell survival upon MTI-101 treatment after reducing the expression of each of these proteins. When we inhibited the canonical necroptotic pathway by using the pharmacological Drp1 inhibitor mdivi-1, we again observed a modest but significant increase in cell survival. Phosphorylated Drp1 levels were also decreased in U266 cells upon MTI-101 treatment. With these same experiments in NCI-H929 myeloma cells, however, we did not observe a statistically significant difference in cell survival upon MTI-101 treatment. Also, mdivi-1 pretreatment failed to protect against MTI-101-induced cell death. We speculate that similar to apoptosis that programmed necrosis is likely regulated by multiple family members and thus contains inherent redundancy. However, genotype differences between H929 and U226 cell lines include an activating BRAF mutation and autocrine interleukin-6 stimulation and constitutive activation of Stat3 in U226 cells. Thus, differences in background genotype may contribute to MTI-101-induced Drp-1-dependent and -independent cell death (49-50). Our work in myeloma cell lines indicates that it will be important to determine the role of MTI-101-induced Drp1-dependent and -independent cell death using primary patient specimens. Our current proposed model indicates that MTI-101 binds a CD44 and a4-integrin containing complex and induces a CD44-Pyk2 complex. This complex activation leads to both a pro-survival signal potentially mediated through Erk1/2 and a necrotic cell signal through Rip1/Rip3 and Drp1. Our data also indicate that we may be activating a novel necrotic cell death pathway that has yet to be fully elucidated and may represent an important pathway for targeting myeloma cells (see Fig. 6D for proposed model of MTI-101-induced cell death and survival signals). Together, these results definitively support continued development of MTI-101 for the treatment of myeloma, providing another therapeutic option for this currently incurable disease. 
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